Cardiovascular disease (CVD) complications are important causes of morbidity and mortality after orthotopic liver transplantation (OLT). There is currently no preoperative risk-assessment tool that allows physicians to estimate the risk for CVD events following OLT. We sought to develop a point-based prediction model (risk score) for CVD complications after OLT, the Cardiovascular Risk in Orthotopic Liver Transplantation risk score, among a cohort of 1,024 consecutive patients aged 18-75 years who underwent first OLT in a tertiary-care teaching hospital (2002)(2003)(2004)(2005)(2006)(2007)(2008)(2009)(2010)(2011). The main outcome measures were major 1-year CVD complications, defined as death from a CVD cause or hospitalization for a major CVD event (myocardial infarction, revascularization, heart failure, atrial fibrillation, cardiac arrest, pulmonary embolism, and/or stroke). The bootstrap method yielded bias-corrected 95% confidence intervals for the regression coefficients of the final model. Among 1,024 first OLT recipients, major CVD complications occurred in 329 (32.1%). Variables selected for inclusion in the model (using model optimization strategies) included preoperative recipient age, sex, race, employment status, education status, history of hepatocellular carcinoma, diabetes, heart failure, atrial fibrillation, pulmonary or systemic hypertension, and respiratory failure. The discriminative performance of the point-based score (C statistic 5 0.78, bias-corrected C statistic 5 0.77) was superior to other published risk models for postoperative CVD morbidity and mortality, and it had appropriate calibration (Hosmer-Lemeshow P 5 0.33). Conclusion: The point-based risk score can identify patients at risk for CVD complications after OLT surgery (available at www.carolt.us); this score may be useful for identification of candidates for further risk stratification or other management strategies to improve CVD outcomes after
C ardiovascular disease (CVD) complications are a leading cause of morbidity and mortality among adult recipients of an orthotopic liver transplantation (OLT). (1) (2) (3) Reported risk factors for adverse CVD outcomes after OLT have included traditional CVD risk factors such as high blood pressure, cigarette smoking, and diabetes. (4) Factors such as fatty liver, (5, 6) portal vein thrombosis, (1) atrial fibrillation (AF), (3) tricuspid regurgitation on echocardiogram, (7) prolonged QTc interval on electrocardiogram (ECG), (8) and biomarkers including serum troponin I (9, 10) and ferritin (11) have also been associated individually with higher CVD risk after OLT. Data from these studies have enabled limited prediction of CVD Abbreviations: AF, atrial fibrillation; CABG, coronary artery bypass grafting; CAD, coronary artery disease; CAR-OLT, Cardiovascular Risk in Orthotopic Liver Transplantation; CVD, cardiovascular disease; DSE, dobutamine stress echocardiography; ECG, electrocardiogram; HCC, hepatocellular carcinoma; HF, heart failure; ICD-9, International Classification of Diseases, Ninth Revision; MELD, Model for End-Stage Liver Disease; MI, myocardial infarction; NMEDW, Northwestern Medicine Enterprise Data Warehouse; OLT, orthotopic liver transplantation; OPTN, Organ Procurement and Transplantation Network; PCI, percutaneous coronary intervention.
complications after OLT during a follow-up interval of months to years. However, these prediction algorithms have not been adapted to a user-friendly riskassessment tool that will allow physicians to estimate CVD risk in OLT candidates.
In the present study, we rigorously developed a simple CVD risk-prediction model for use in first OLT recipients based on widely available clinical data. We considered numerous donor, recipient, and operative factors that we hypothesized could affect CVD morbidity and mortality after OLT. We evaluated the utility and accuracy of this model for CVD risk prediction after OLT using data from a comprehensive institutional database of consecutive OLT recipients linked to data from the Organ Procurement and Transplantation Network (OPTN) over a 10-year period, with outcome ascertainment up to 1 year after transplantation. This approach emphasizes the established, powerful, and independent important factors for major CVD complications within a year of liver transplantation.
Patients and Methods

PROTOCOL, DESIGN, AND INCLUSION CRITERIA
All adult (age 18 years) patients who underwent first OLT at Northwestern Medicine (Chicago, IL) from February 1, 2002 , to December 31, 2011, with follow-up data through December 31, 2012 , were included in the study cohort (n 5 1,024). Recipient waitlist and donor-related clinical data were drawn from the OPTN standard transplant analysis and research files (created on March 15, 2013) , which contain data regarding every organ donation and transplant event occurring in the United States since October 1, 1987 . These data were then linked to the same recipient's preoperative, operative, and postoperative clinical data from the Northwestern Medicine Enterprise Data Warehouse (NMEDW). The NMEDW currently stores 35 terabytes of data on 6.4 million unique patients, including 30 million outpatient encounters, 4 million inpatient hospitalizations, and 272 million clinical and laboratory diagnostic results since approximately 1998. Each night it loads 4.2 million new data elements from 129 separate computing systems and sources, including electronic health records, pathology data from the hospital and research laboratories, biomarker data from research databases, and research transactional data from our electronic institutional review board and other administrative and financial institutional systems. The linkage between OPTN data and NMEDW data was completed using date of transplant, date of birth, and recipient's sex as linking variables. Duplicate matches were verified by residential zip codes based on a published methodology. (3, 12) All direct identifiers were removed before the final data set was available for analysis.
For the present study, inclusion was restricted to adult patients who received a first liver or liver-kidney transplant for chronic liver disease or primary liver cancer at our institution. Patients deemed to be at unacceptably high cardiovascular risk by the care team based on the following criteria were clinically excluded from transplant and thus not included in our study sample because they did not undergo OLT. At our institution, we consider it prohibitive to accept the patient as a transplant candidate with the following conditions: (1) decreased left ventricular systolic function (ejection fraction <45%), (2) decreased right ventricular function and/or significant right ventricular dilation, (3) uncontrolled pulmonary hypertension defined as pulmonary arterial systolic pressure 35 mm Hg at rest despite maximal medical management,
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(4) significant uncorrectable structural valvular abnormalities (aortic stenosis, mitral stenosis, aortic regurgitation, tricuspid regurgitation), (5) uncorrectable coronary artery disease (CAD) with induced ischemia on stress testing, (6) significant carotid disease in particular if symptomatic, and (7) diffuse atherosclerotic disease involving multiple organs.
CLINICAL COVARIATE DEFINITIONS
Prevalent comorbid conditions at the time of transplant were assessed by International Classification of Diseases, Ninth Revision (ICD-9) codes present prior to the initial transplant admission. Obesity was defined as body mass index 30 kg/m 2 or an ICD-9 code prior to transplant admission for obesity (ICD-9 278.00, 278.01, 278.02 or 278.03). Transplantation for nonalcoholic steatohepatitis was defined as a primary or secondary listing diagnosis of nonalcoholic steatohepatitis or cryptogenic cirrhosis with at least one risk factor for the metabolic syndrome (pretransplant obesity, diabetes, hypertension, and/or dyslipidemia). Smoking status was assessed using natural language processing, which is a technique that converts free text information relevant to smoking status that is commonly found in clinical documentation into a structured form that can be readily processed and analyzed, as described. (13) Potential risk factors or risk markers for major CVD complications after OLT were examined based on a comprehensive set of a priori clinical hypotheses. These risk variables included known traditional (e.g., diabetes, smoking status) and previously published novel CVD risk markers (e.g., serum troponin I, ferritin) as well as transplant-specific critical illness indicators known to contribute to competing mortality risk (e.g., Model for End-Stage Liver Disease [MELD] score). The full range of recipient, donor, operative, and perioperative potential risk markers for CVD complications that were evaluated in this study is listed in Supporting Table S2 .
Routine pretransplant cardiac testing included ECG and echocardiography in all patients. Echocardiography was used to assess right and left ventricular systolic and diastolic function, any wall motion abnormalities, intracardiac or intrapulmonary shunting, and presence and grading of valvular abnormalities as well as for estimation of chamber size. It is routine practice at our institution for all patients to be seen by a cardiologist prior to listing. Individuals with a history of CAD or those with two or more traditional risk factors for CVD (e.g., age [men >45 years, women >55 years], hypercholesterolemia, hypertension, tobacco use, and family history of early CAD (first-degree relative, men <55 years, women <65 years) undergo a pharmacologic stress examination prior to listing. Reports from completed stress examinations were available in 538 (52.5%) patients. Rate-pressure double product (heart rate 3 systolic blood pressure) at peak dobutamine stress echocardiography (DSE) test was evaluated in all patients who underwent DSE. Any stress-induced ischemia on the stress test warranted a left heart catheterization. If the DSE was nondiagnostic due to inability to achieve >85% maximal predicted heart rate, further workup to rule out significant CAD was left to the discretion of the treating cardiologist. In recent years, reflecting advances in cardiac imaging, evaluation for CAD at our institution has also included performance of coronary multidetector computer tomographic angiography. (14) Left heart catheterization was performed in all patients (1) with any stressinduced ischemia, (2) with significant CAD on computer tomographic angiography, or (3) as left up to the discretion of the treating cardiologist with or without prior functional testing or imaging present. Right heart catheterization was performed to assess for portopulmonary hypertension in all patients with an estimated resting right ventricular systolic pressure on echocardiogram 35 mm Hg.
STUDY OUTCOMES
The primary outcome was a major CVD complication occurring within 1 year of OLT, defined as death from a CVD cause or hospitalization for a major CVD event as defined by a discharge (ICD-9) or common procedural terminology code within the first three diagnosis positions that indicated myocardial infarction (MI), revascularization (e.g., percutaneous coronary intervention [PCI] or coronary artery bypass grafting [CABG]), heart failure (HF), AF, cardiac arrest, pulmonary embolism, transient ischemic attack, and/or stroke during the initial transplant admission or subsequent hospitalization at a Northwestern Medicine member hospital (Supporting Table S1 ). The discharge diagnosis was used in an attempt to capture inhospital and rehospitalization events. In those patients in whom troponin was measured postoperatively, MI was also defined by a peak serum troponin I >0.05 ng/ mL. Recipient cause of death was determined by a physician's review (L.B.V.) of primary and contributory causes of death (including all free text inputs) listed in the OPTN database, which is matched to the Social Security death master file index. Any potential case with a CVD death or event was then adjudicated by trained study personnel using the Northwestern Medicine medical record and then reviewed by an independent panel of three physicians (one cardiologist, one hepatologist, one surgeon). Each patient is represented only once in the cohort. Documentation of a major CVD complication was based on the first documented event in the medical record following OLT. Secondary outcomes included other CVD complications such as documented hypertension, pulmonary hypertension, internal cardiac defibrillator placement, permanent pacemaker placement, amputation, or peripheral arterial revascularization. Of 1,024 recipients, 88% (n 5 904) were alive at 1 year post OLT with complete follow-up data available for analysis.
STATISTICAL ANALYSIS
Clinical characteristics of primary OLT recipients from the integrated data set were described using frequency counts and percentages for categorical variables and means 6 standard deviations for continuous variables. Analysis of variance or a chi-squared test was used to examine the relationship between clinical characteristics and 1-year CVD complications for continuous or categorical variables as appropriate. Twentynine preoperative candidate variables that were statistically significant (P < 0.05) in univariate models and that were available in the entire population with a CVD complication (n 5 329) were entered into a multivariable logistic regression model using forward stepwise selection. Age, race/ethnicity, and gender were forced into the final model. Twelve covariates were selected for the final model based on significance and additive contribution to the model based on the Akaike information criterion. Further covariates did not improve model fit. Missing data that were categorized as "unknown" were excluded from analysis. Adjusted relative risks were converted from the adjusted odds ratios using the Zhang and Yu method. (15) For internal validation, the bootstrap method was used to account for the generalizability error, and bias-corrected 95% confidence intervals were calculated based on 10,000 resamples with replacement.
The final model, the Cardiovascular Risk in Orthotopic Liver Transplantation (CAR-OLT) score was developed by assigning points for each risk factor based on the weighted value of the beta coefficients corresponding to the relative risks for each covariate in the model (range 0-25 points). (16) We calculated a point total for all participants in the data set using the point system. A score sheet for prediction of 1-year CVD complications is provided, and absolute risk estimates are shaded, ranging from very low risk to high risk. Such distinctions are arbitrary but provide a foundation to determine the potential need for clinical intervention. The discrimination of the point-based model was estimated using the area under the receiver operating curve. The calibration, a measure of the goodness of model fit, was assessed by comparing the observed and predicted number of events in deciles of predicted risk, as calculated by the Hosmer and Lemeshow statistic. A P value of 0.05 was used for all significance tests. All analysis was performed using SAS 9.3 (SAS Institute, Cary, NC).
Results
The baseline characteristics of 1,024 OLT recipients who were included in the final analysis are shown in Table 1 . Mean age of our study sample was 56.3 6 9.7 years, 65.9% (n 5 675) were male, and 78.6% (n 5 805) were non-Hispanic white. The majority of the patients were transplanted for hepatitis C (33.5%, n 5 343), followed by alcohol (23.5%, n 5 241) and nonalcoholic steatohepatitis (16.1%, n 5 165). The average MELD score at transplant for this sample was 20.9 6 11.6. Preexisting CVD conditions were common: 59.3% of patients (n 5 607) had hypertension, 40.6% (n 5 416) met criteria for obesity, 32.5% (n 5 333) had diabetes, and 34.1% (n 5 349) had chronic kidney disease at the time of OLT. The overall characteristics and risk profile of our cohort were similar to a national sample from the OPTN who were transplanted during the same time period (2002-2011; Supporting Table  S3 ). Compared to the OPTN cohort, the NMEDW cohort was slightly older (56.3 versus 53.4 years) and more likely to be college-educated (64.1% versus 47.4%, P < 0.0001 for both). A larger proportion of patients within the NMEDW received a simultaneous liver-kidney transplant (16.9% versus 5.7%) or a living donor transplant (15.2% versus 4.2%) and were less likely to have hepatocellular carcinoma (HCC) as a primary indication for OLT compared to the OPTN cohort (28.0% versus 40.1%, P < 0.0001 for all). There was no statistically significant difference in functional status, mean MELD score, prevalence of diabetes, or prevalence of ischemic heart disease.
Results from preoperative CVD testing and medication usage for the study cohort are shown in Table 2 . The majority of patients had ECG (64.1%, n 5 656), transthoracic echocardiogram (77.4%, n 5 793), and stress imaging (52.5%, n 5 538) available for review from the NMEDW (other patients may have had outside testing performed). Of 656 patients with ECG data, 47.4% (n 5 311) had a prolonged QTc interval (defined as >450 milliseconds in men and >470 milliseconds in women); 15.4% (n 5 101) were taking a quinolone medication, which is associated with prolonged QTc. Of 793 patients with an available echocardiogram, the mean ejection fraction was 62.4%, 26.0% (n 5 206) had evidence of diastolic dysfunction, and 86.3% (n 5 684) had tricuspid regurgitation of any severity present prior to OLT. DSE was the most common type of stress imaging performed, and 44.2% (n 5 238) of the 538 patients with stress imaging available had an abnormal test with a mean maximal predicted heart rate of 83.1%. Left heart catheterization was performed prior to OLT in 43.8% (n 5 449) of the study cohort. Of the 449 patients with left heart catheterization performed, only 6.5% (n 5 29) underwent coronary revascularization prior to OLT at a mean (standard deviation) of 110.7 (135.0) days prior to transplant. The remaining 275 patients had nonobstructive CAD that did not require intervention, of whom 7 had a prior history of CABG and 5 had a prior history of PCI. Mean time between prior CABG/PCI and transplant was 3.3 (1.2) years. Right heart catheterization was performed in 25.8% (n 5 264) of the study cohort, and portopulmonary hypertension was diagnosed in 1.3% (n 5 6) of those patients who underwent right heart catheterization. A minority of patients underwent computer tomographic angiography (3.9%, n 5 30) as screening for asymptomatic CAD prior to OLT. Notably, fewer than 2% of patients were receiving treatment with a statin, aspirin, an antiplatelet agent, or an antihypertensive agent prior to OLT. Four hundred ninety-eight CVD complications occurred among 329 (32.1%) patients within 1 year of OLT, the majority of which (75.1%) occurred in the early perioperative period (Fig. 1) . The most common CVD complication was HF (n 5 154, 31%), followed by AF (n 5 130, 26%) and stroke/transient ischemic attack (n 5 90, 18%). MI or need for revascularization accounted for only 12% (n 5 60) of all CVD complications after OLT (Fig. 1 ). There were 120 deaths within 1 year of OLT, of which 17 (14.2%) were attributable to CVD. The all-cause and CVD-related 1-year mortality rates were 11.7% and 1.7%, respectively. Univariate analyses of baseline variables identified 26 potential risk markers (Table 1) for 1-year CVD complications after OLT.
The regression coefficients, odds ratios, converted relative risks, and calculated integer scores assigned for all risk factors in the final multivariate model are summarized in Table 3 . Variables selected for inclusion included preoperative recipient age, sex, race, employment status, education status, history of HCC, diabetes, HF, AF, pulmonary or systemic hypertension, and respiratory failure. The bootstrap method yielded biascorrected 95% confidence intervals for the regression coefficients. All of the aforementioned variables except *Percentages are expressed using the common denominator of n 5 1,024 for the entire sample. † Of the 449 recipients with a left heart catheterization performed, only 238 had a prior abnormal stress test (see above). Of the remaining 211 patients, 176 had failed to achieve a maximum predicted heart rate >85% on stress imaging, 21 had an abnormal computer tomographic angiography, and 14 were missing documentation of a noninvasive stress imaging prior to left heart catheterization. ‡ Defined as mean pulmonary artery pressure >25 mmHg and pulmonary capillary wedge pressure <15 mmHg Abbreviations: LT, liver transplantation; SD, standard deviation. those we forced in (age, sex, and race/ethnicity) were statistically significant in the final model, supporting their inclusion in the final regression model. The predicted probability of a 1-year CVD complication after OLT by total points (score) is presented in Table 4 . The majority of patients (n 5 691) had a CAR-OLT score <40 points and a predicted probability of a 1-year CVD complication <40% (Fig. 2) . However, a significant proportion of patients (30.1%) were at very high risk (predicted risk >45%)
for a 1-year CVD complication after OLT (Fig. 2) . The model demonstrated good discrimination (C statistic, 0.78; bias-corrected C statistic, 0.77). The numbers of predicted CVD complications generally matched the number of observed CVD complications in 1-year risk deciles, indicating excellent calibration (Hosmer-Lemeshow, P 5 0.33; Fig. 3) . A web-based calculator and link to download the mobile application for the CAR-OLT score is available (www.carolt.us). *All comorbidities (e.g., AF, hypertension, HCC, diabetes, heart failure, pulmonary hypertension) are coded as history of the condition prior to transplant. † Adjusted RRs are converted from the adjusted ORs using the Zhang and Yu method. 
Discussion
The goals of predicting CVD risk after OLT are 2-fold: (1) to estimate the risk of intraoperative and early postoperative CVD-related death and complications and (2) to estimate longer-term risk of significant CVD morbidity that may mitigate against the use of a scarce donor organ or indicate careful postoperative management and monitoring to avoid a CVD event.
In the current study, we have rigorously evaluated over 200 recipient, operative, and donor variables for their association with risk of death or hospitalization from a CVD complication within 1 year of OLT. We observed that an optimized clinical model including preoperative recipient age, sex, race, education, employment status, history of AF, pulmonary hypertension, systemic hypertension, diabetes, HF, presence of HCC, and ventilator dependence at the time of OLT was predictive of 1-year CVD complications after OLT with good discrimination (C statistic 5 0.78) and excellent calibration. To further assist clinicians in accurately predicting CVD risk after OLT, we have developed a point-based risk score (the CAR-OLT score) and risk calculator for clinical use.
To date, there are four published studies that provide information on risk markers for CVD complications specific to the OLT population with the C statistic ranging from 0.66 to 0.73. (1, 3, 17, 18) Josefsson et al. derived a point-based model comprised of renal impairment, prolonged QTc, and age >52 in 202 Swedish OLT recipients (mean age 52 years, 69% male, race not reported) with a C statistic of 0.73 for 1-year CVD mortality, arrhythmia, or acute coronary syndrome. (17) The model by Umphrey et al. specifically evaluated the role of DSE among 157 OLT recipients (mean age 54.5 years, 71% male, 94% white) for the prediction of cardiac death, MI, HF, asystole, or symptomatic ventricular tachycardia within 4 months of OLT, though no C statistic was reported. (18) The main limitations of these models are the small sample sizes, lack of calibration statistic reporting, and limited generalizability. Two other published risk factor models were developed by our group among a larger national sample in order to identify risk markers for CVD complications specific to OLT recipients. (1, 3) However, these national models are not easily applied in routine clinical practice due to (1) lack of information on pretransplant cardiac testing, (2) inability to adjudicate CVD outcomes rigorously, and (3) inability to assess both CVD mortality and morbidity within a single nationally representative data source.
(1,3) The current study includes over 1,000 diverse OLT recipients from a large urban academic health system, includes comprehensive cardiac testing data, adjudicates CVD outcomes, predicts both CVD-related morbidity and mortality, and has a risk model that performs much more robustly than those previously published with good discrimination (C statistic 5 0.78) and excellent calibration (www.carolt.us).
Established perioperative CVD risk algorithms have been applied to the liver transplant population; however, none was specifically developed in patients with end-stage liver disease. (19) For example, the commonly used Revised Cardiac Risk Index was developed in patients undergoing noncardiac surgery that excluded those with end-stage liver disease. (20) In addition, the Revised Cardiac Risk Index was designed primarily to detect underlying ischemic heart disease. Importantly, we have demonstrated that ischemic heart disease is responsible for a relatively small proportion (12%) of 1-year CVD complications after OLT compared to noncoronary events, including HF (31%), AF (23%), and stroke (18%). The low incidence of ischemic heart disease events is at least in part due to the fact that significant nonintervenable CAD is considered an absolute contraindication to OLT. On the other hand, we hypothesize that a high prevalence of pretransplant underlying cirrhotic cardiomyopathy, which is characterized by a compromised ventricular response to stress, may place OLT recipients at risk for postoperative arrhythmias and heart failure, which accounted for over 50% of all events in our cohort. (21) In addition, employment at the time of OLT, a surrogate for functional status, remained a multivariable predictor of CVD complications. Poor functional status may be a marker of accumulating physiologic decline that makes OLT recipients less able to handle physiologic stressors, including surgery.
The 1-year CVD complication rate in the current study was 32.1%. The incidence rates for CVD complications post-OLT in the published literature vary widely according to outcome definition and follow-up duration. For example, the incidence rate of CVD complications within 30 days of OLT ranges from 1.1% to 23.2%, (1, 8, 17, (22) (23) (24) within 30 days to 6 months of OLT from 1.1% to 50%, (1, 3, 8, 17, 18, (22) (23) (24) (25) (26) (27) and >6 months post OLT from 0% to 31.4%. (2, 4, (8) (9) (10) 17, 19, (28) (29) (30) (31) (32) (33) (34) The wide discrepancy in rates is at least partially attributable to the heterogeneity in outcome definitions across these studies. We defined a CVD complication as death from a CVD cause or hospitalization due to a major CVD event, including MI, revascularization (e.g., PCI or CABG), HF, AF, cardiac arrest, pulmonary embolism, or transient ischemic attack/stroke. Thus, the model derived in this study is applicable to the broad range of major CVD complications observed after OLT and focuses on those complications most likely to affect 1-year patient and graft survival, which is an important quality metric in OLT. (35) Not surprisingly, several traditional CVD risk factors, including older age, diabetes, and prior CVD (systemic and pulmonary hypertension, HF, and AF), were predictive of CVD complications in our cohort. However, some traditional candidate variables did not enter the prediction equation, including a family history of premature CVD, smoking status, prior ischemic heart disease, and body mass index. Our findings are consistent with multiple other published studies that have failed to find an association between body mass index, smoking status, or family history of CVD and poor post-OLT CVD outcomes. (1, 3, 8, 17, 24, 29) This is likely due to the small residual impact of these metabolic variables on CVD prediction after the other aforementioned variables have been incorporated into the regression model. (36) We identified HCC status and employment status as novel markers for improved post-OLT CVD morbidity and mortality. Both of these variables are presumed markers for a "healthier" OLT candidate with a high functional status and a relatively low calculated MELD score compared to other indications for OLT. In contrast, patients with respiratory failure (e.g., on a ventilator) were nearly twice as likely as those without respiratory failure at OLT to have a CVD complication. This finding is particularly relevant in the context of the increasing critical illness burden of the modern transplant population, which is reflected in the increasing median MELD score for which a given patient receives a liver transplant across the country. (37) These high MELD patients likely have a high prevalence of subclinical cardiac disease and a blunted cardiac response to the hemodynamic stress of liver transplantation. Therefore, candidates who are older and sicker with poor underlying functional status may have a limited underlying cardiac reserve, leading to poor posttransplant CVD outcomes.
Strengths of the present study include its large sample size; rigorous assessment of a multitude of recipient, operative, and donor-related factors including harmonized data from multiple sources to increase the robustness of the model covariate pool; generalizability given the overall similarity to the OPTN general population sample and similar median event rates to other published studies; and the use of state-of-the-art methods to evaluate the performance of the prediction model for CVD outcomes after OLT.
There are limitations that warrant mention. First, CVD complication assessment was limited to events that occurred at a Northwestern Medicine member hospital. Therefore, not all CVD events may have been captured if a recipient presented to a nonmember organization. However, OLT recipients are very likely to be readmitted or transferred to their transplant hospital within the first year. Our ascertainment of CVD complications was limited to those listed in the top three discharge diagnosis codes in order to maximize code specificity for acute CVD complications. (38) Thus, our estimates may underestimate the true incidence of CVD complications, particularly if events occurred after surgery during the index transplant hospitalization where other transplant-related complications may be coded higher in the taxonomy. Second, certain CVD risk factors, such as recipient family history of CVD, are historically unreliable based on claims data and may not be accurately captured here. (39) In addition, laboratory values that are not part of routine evaluation for OLT at our center (e.g., serum troponin I, brain natriuretic peptide, ferritin, Creactive protein) were unavailable in the vast majority (>75%) of participants, thus limiting assessment of their utility for prediction of posttransplant CVD complications. Because these are not routinely measured, their inclusion in the analysis would also lead to concerns about propensity for testing or reverse causation. Finally, the risk model was derived from a single academic medical center. The associations observed may be due to specific practice patterns and the patient admixture of Northwestern Medicine. Thus, this score requires prospective validation in other centers. To assist centers with validation, we have provided online and mobile CAR-OLT score applications.
In conclusion, we have developed and calibrated a point-based prediction model for 1-year CVD complications using a large cohort of diverse OLT recipients at an urban academic transplant center. The CAR-OLT score risk calculator is available for download at www.carolt.us. Whether use of the CAR-OLT score for risk stratification and the decision to proceed with more intensive cardiovascular testing or targeted risk factor reduction would be helpful to improve CVD outcomes after OLT requires external validation in a future multicenter clinical trial.
